The Maximum Expiratory Flow/Volume Curve in Patients with Airway Obstruction: Simulation by means ofa Physical Model Several investigators have described the typical features of the maximal expiratory flow/volume (MEFV) curves in patients with airway obstruction (Burger 1959 , Hyatt 1961 , Jordanoglou & Pride 1968 , Lapp & Hyatt 1967 , Lord et al. 1969 , Takishima et al. 1967 . All flows are decreased and the curve demonstrates a marked convexity towards the volume axis ( Fig IB) . In patients with severe emphysema the MEFV curve essentially consists of a peak of flow followed immediately by very low airflows extending over the largest portion of the forced vital capacity (Fig lc) . In these subjects expiratory flows during quiet breathing are identical with those developed during forced expiration, at corresponding volume levels.
Different mechanisms may cause airway obstruction, and we wondered which of these was responsible for the observed deformations of the MEFV curve. This study was performed by means of a physical model.
Methods
Airway obstruction may result from a decrease in the number of airways, a change in their dimensions and elastic characteristics or a decrease in the elastic recoil pressure of the lungs.
A model including these different factors was constructed. To simulate the MEFV curve of a healthy subject we used the anatomical description of the bronchial tree by Weibel (1963) , the static recoil pressure (PstQ)/volume curve of the lungs from Turner et al. (1968) and the compliance curves of the airways (diameter or length against transmural pressure (Ptm)), obtained either from the combined results of Croteau & Cook (1961) , Hyatt & Flath (1966) , Kilburn (1960) and Olsen et al. (1967) , or from data of J M B Hughes (1971, personal communication) . Compared with our previously published model (Pardaens et al. 1970 ), the present model is improved because it takes into account, in each airway generation, the reciprocal influence on airway calibre of convective acceleration and frictional resistance, via transmural pressure.
The same model was used to reproduce the MEFV curve of an emphysematous patient. A PstL/V curve representative for pulmonary emphysema was obtained from Finucane & Colebatch (1969) . Concerning the anatomy of the bronchial tree, the available morphometric data indicate that the disease is accompanied by a decrease in the number of non-respiratory bronchioles of about 47 % (Anderson & Foraker 1967) or 37% (Bignon et al. 1970) and by a marked reduction in their calibre (Bignon et al. 1969 , Anderson & Foraker 1962 . The combined influence of both factors is difficult to evaluate quantitatively, since there is practically no information about the distribution of these lesions in the different generations of bronchi. Hogg et al. (1968) directly measured airway resistance of small airways (2 mm internal diameter and less) in emphysematous lungs; this is on average 18 times larger than in the absence of pulmonary disease. However, the resistance in the larger airways is not systematically different from the normal. The authors suggest that the increase in peripheral resistance is the result mainly of an occlusion of the smaller airways. resistance change, it may be estimated that roughly three-quarters of the bronchioles are occluded. This is probably an overestimation (see above). However, taking into account the additional influence of stenoses without occlusion, it is probably not unrealistic to assume that the combined effect of occlusion and stenosis is functionally equivalent to a reduction of 75% in the number of bronchioles. Finally, as far as the elastic properties of the airways in emphysema are concerned, there is some evidence that these become more compliant. However, to-our knowledge, no quantitative data are available. Tentatively, we investigated the influence on the MEFV curve of a small shift of the diameter/ Ptm curve of the small bronchi towards more positive transmural pressures.
Results
When data characteristic for a young healthy adult are introduced into the model, it yields a qualitatively realistic MEFV curve. The obtained flow values are a little low compared to normal values (Fig 2) . However, this may be corrected for by using, instead ofWeibel's model, the dimensions of the bronchial tree proposed by Olson et al. (1970) . This procedure does not modify the general shape of the MEFV curve. Figs 2 and 3 show the influence on the MEFV curve of introducing into the model the alterations typical for emphysema. Change of the PstJV relationship reduces all maximum flows but results in a more concave, instead of convex, curve (Fig 2) . Reduction, in addition, of the number of bronchioles of generations 8 and smaller (in accordance with Weibel (1963) the trachea is numbered 0, the main stem bronchi 1, &c.) by 75%, which increases the peripheral L/secl 9rrax resistances (at a flow of 1 l./s) by a factor 17, reduces the maximum flows further but does not greatly modify the shape of the MEFV curve (Fig 3, Curve 1) . To obtain a convexity towards volume axis over the whole descending portion of the MEFV curve, it is necessary to modify the compliance characteristics of the airways.
A shift of the diameter/transmural pressure curve of generations 8 and smaller, e.g. by 2-5 cm, not only causes a further reduction of maximum flows but also modifies the shape of the MEFV curve, which becomes convex (Fig 3, curve 2 ). Such a shift has but a moderate influence on airway resistance which increases, e.g. by a factor 21 instead of 17 (at 50 % total lung capacity for a flow of 1 l./s). It should be added that the same shift of the bronchial compliance curve does not markedly change the MEFV curve when only the PstJV curve has been modified and the number of airways has not been reduced. The model used only considers permanent airflows and does not take into account transition phenomena. Such a phenomenon modifies peak expiratory flow. Indeed, at the beginning of the expiration, airways calibre rapidly decreases: the resulting change in dead space volume produces an extra flow which appears at the mouth and is superimposed on the airflow originating from the alveoli. This extra flow has been estimated and added to the obtained MEFV curves. Fig 4 demonstrates that this results in an MEFV curve which becomes very realistic especially in the emphysematous subject.
Discussion
This study demonstrates that three factors, each of which contributes to airway obstruction, can reduce the maximum expiratory flows: a change in the elastic properties of lung parenchyma, an occlusion (and stenosis) of small airways and a modification of the bronchiolar compliance in the sense of an increased collapsibility. In emphysema, not only are maximum flows reduced but the MEFV curve demonstrates a typical convexity towards volume axis. It is not possible to simulate this convexity by simply modifying the PstJV curve of the lungs, at least if this modification is kept within realistic limits. To obtain a convex MEFV curve, one should make the PstL/V curve very convex towards volume axis; in fact, the PstL/V relationship is more linear in emphysematous than in healthy subjects. Introducing, in addition, into the model a loss of peripheral airways results in a further decrease in maximum flows. Yet the MEFV curve does not become convex over its whole course. A more pronounced loss of small airways would eventually result in such an MEFV curve, but, again, the required assumptions become rapidly unrealistic: for instance, a decrease by a factor 9, instead of 4, of the number of airways (reduction of the diameter by 3 instead of 2), would result in an increase of peripheral resistance of about 80 times. However, a completely convex MEFV curve is obtained if, in addition to realistic modifications of the PstL/V curve and the number of peripheral airways, a change in the elastic properties of the peripheral airways is assumed. The required change is small; it is not able to modify markedly the maximum flows in the absence of a loss of peripheral airways and only slightly affects airway resistance.
We have no definite experimental evidence in favour of such a shift of the compliance curve of the bronchi, and suggest that this deserves further investigation.
A model study of this type does not prove that the changes of the MEFV curve in emphy-sema are necessarily the result of the mechanisms which were assumed here. Indeed, the model is much simplified and its value depends completely on the validity of the simplifying hypotheses. The model is symmetrical and, in fact, monoalveolar; it neglects the effect of inequality of ventilation due to the pleural pressure gradient, to the asymmetrical anatomy of the bronchial tree (Horsfield & Cumming 1968) and to the unequal distribution of resistances of the airways, characteristic for airways obstruction. We do not know to what extent neglect of these facto rs invalidates our conclusions. These should therefore be considered as tentative.
Dr van de Woestijne, replying to a question on what assumptions about the compliance of the bronchi had been built into the model, said that data available from the literature were used and, in addition data which Hughes had obtained in intact dog lungs; the results were fairly comparable. Dr N Pride asked if the model explained the change with age in the maximum flow/volume curve.
Dr van de Woestijne replied that when a lung compliance curve typical of a healthy aged subject was introduced into the model there was a reduction of maximal flows, but the curve became concave instead of convex which was not realistic.
In order to correct this it was necessary either to increase the peripheral airways resistance or to change the compliance of the bronchi. Dr D T D Hughes pointed out that the transmural pressures for the bronchi under static and dynamic conditions were very different. Presumably the dynamic transmural pressure depended very much on the calibre of the upstream airways; he wondered if this was known in emphysema. Dr van de Woestijne said that for a given geometry and bronchial compliance it was easy to calculate the pressure inside the airway by starting from the alveolar end, summing for each generation of airways to obtain the pressure losses and hence the transmural pressure in each airway generation. Dr J Mead asked what justification there was for a model having only one degree of freedom for airflow to the abnormal lung, which had different rates of emptying from the different parts. Dr van de Woestijne agreed that the validity of the model depended on the validity of the simplifying assumptions. These did not take into account the pleural pressure gradient, the asymmetry of the bronchial tree or the inequality of distribution of airway resistance. Evidence suggested that their inclusion would not greatly modify the result. 
Frequency Dependence of Compliance
In the normal lung most of the resistance to airflow lies in the large-diameter passages, the trachea and the major bronchi (Macklem & Mead 1967) , with only about 10% of the total resistance arising in airways smaller than 2 mm in diameter. Conventional measurements of 'airway resistance', by either the forced expiratory volume (FEV1.o) or body plethysmographic techniques, may therefore fail to detect substantial changes in the resistance of these peripheral airways. Woolcock et al. (1969) suggested that under certain circumstances a fall in dynamic compliance of the lungs as the frequency of breathing increased might indicate that the resistance of some small airways was increased.
The dynamic compliance (Cdyn) can be defined as the change in volume resulting from a given change in transpulmonary pressure, measured between the end of inspiration and the end of expiration, when airflow is transiently zero, during breathing. These authors based their argument on the concept of the inequality of the time constants (compliance x resistance) of those airspaces which are ventilated in parallel (Otis et al. 1956 ). Otis et al. (1956) showed that the mechanical events during rapid breathing could be analysed by applying alternating current theory to an electrical analogue of the lung. If the time constants of the two or more parallel airspaces were sufficiently unequal, then dynamic compliance would fall with an increase in breathing frequency. In the normal lung minor inequality in time constants is unlikely to produce this effect, for the major resistance lies in the common central pathway; the lung lobules are not independent of each other, being physically joined; and channels for collateral ventilation communicate between lobules to greater or lesser extent (Hogg et al. 1969 ). Woolcock et al. (1969 have further postulated that if the total resistance to airflow and the static elastic properties of the lungs, as measured by the static pressure/volume curve (Frank et al. 1968 ), are both normal, then frequency dependence of compliance must imply that the resistance of some peripheral airways is significantly increased. The static compliance (Cstat) is measured from this pressure/volume curve over the normal tidal volume from the normal resting end expiratory lung volume. These static pressure/volume relationships are obtained by simultaneous measurements of lung volume and transpulmonary pressure (the differential pressure between the mouth and the cesophagus) during relaxed expirations with an open glottis, the airway being temporarily occluded for periods of 1-2 seconds at various lung volumes as the expiration proceeds. Macklem (1970, personal communication) has suggested that frequency dependence of compliance be defined as a fall in the ratio of Cstat to Cdyn (the dynamic compliance over the same lung volume) to less than 80% at a breathing rate of 1 5 Hz (90 breaths/minute). In order to make measurements which are valid by these criteria it is therefore necessary that the equipment for recording the three primary variables (airflow at the mouth, lung volume and its changes, and the differential pressure between the mouth and the cesophagus) should show no appreciable amplitude distortion or phase lag up to a frequency of 10-15 Hz.
We have used equipment meeting this specification, consisting of a Fleisch pneumotachygraph and Statham PM 15 transducer for airflow at the mouth, to signal zero flow points; the integrated output of this PM 15 transducer to measure lung volume changes; a pressurecompensated air-conditioned 'constant pressure'
